Abstract. Seasonal change of velocity and transport in the Labrador Current is studied using 3.5 years of TOPEX/Poseidon altimeter data, in conjunction with concurrent wind data and climatological density data. A method based on the linearized momentum equation is developed, in which vertically averaged velocities and volume transports normal to selected sections across the Labrador Sea are computed with the sea surface being the level of known motion measured by the altimeter. The three data sources have significantly different temporal and spatial scales, and thus a smoothing technique has been applied to ensure their consistency. Error analyses are performed to estimate the uncertainty in altimetric measurements and geophysical corrections and in density data. The seasonal range of the Labrador Current transport from the 300-m isobath seaward to the deepest ocean varies from 17 Sv at the Nain Section to 10 Sv at the Hamilton Section and 5 Sv at the northern Newfoundland Section, with a maximum in winter or fall and a minimum in spring. The barotropic effect associated with sea surface slope is most important over the shelf break and upper continental slope at the Nain and Hamilton
Introduction
The Labrador Sea is a region of the North Atlantic of increasing interest to oceanographers in recent years because of the important role it plays in water mass formation, thermohaline circulation, and possibly climate change. The circulation of and the main current in the Labrador Sea, the Labrador Current, have been studied by many investigators over the past 20 years. The residual circulation in the western Labrador Sea was studied by LeBlond et al. [1981] using moored measurements, satellite-tracked surface buoys, and geostrophic calculations. Clarke [1984] , using density data, current observations, and various ad hoc assumptions, estimated that the westward transport into the Labrador Sea south of Cape Farewell was -34 Sv (Sv = 10 6 m 3 s-•). Thompson et al. [1986] , using the topographic Sverdrup relationship and climatological monthlymean wind data, found that the Sverdrup transport in the Labrador Sea (mainly trapped in the lower continental slope) has a mean value of 37 Sv and an annual range of -6 Sv, maximum in February and minimum in November. A winddriven barotropic model of the North Atlantic by Greatbatch and Goulding [1989] indicated that the transport from the coast to the 3000-m isobath had the maximum in January and the minimum in July, with a difference of -5 Sv. Lazier and Wright [1993] , using long-term current meter measurements, conductivity-temperature-depth (CTD) data, and certain assumptions about the deep currents, estimated the mean summer transport The major uncertainty in transport estimates using hydrographic data is the specification of the level of no motion. Long-term current meter data help to reduce the uncertainty, but the number of current meter moorings in the Labrador Sea were too few to allow an accurate determination of the spatial variation of deep currents. Regional numerical models can produce both sea surface elevation and three-dimensional current fields, but the results are boundary-condition dependent, and the accuracy of transport estimates from models depends critically on the amount of current data available for model calibration. In this study, we develop a method based on data only to calculate currents and transports without using a priori assumptions such as the level of no motion. This is possible because sea surface slope, a missing component in the traditional methods of calculations, can now be calculated directly from satellite altimetry such as that from TOPEX/Poseidon.
Applications of satellite altimeter data, in general, fall into two categories: (1) temporal analysis of variability of the sea surface height and (2) absolute height determination referenced to an ocean geoid. Although both require accurate altimetric measurements, the former is independent of the geoid. The accuracy of altimetric sea surface height above a reference ocean geoid depends on altimeter measurements and their corrections, the reference ocean geoid model, and the satellite orbit measurements. In this study, we use the TOPEX/Poseidon altimeter data, coupled with density and wind data, to study the velocity and transport in the Labrador Sea circulation with a focus on the Labrador Current. Particular care is taken to match the temporal and spatial scales in these data. The combined use of sea surface elevation and density data allows a unique determination of the velocity and transport, in which the sea surface is the level of known motion derived geostrophically from the altimeter data. The scientific issues addressed in the paper include the seasonal variation of the transport and velocity of the Labrador Sea circulation, the individual contributions to the transport from surface slope, density gradients, and local winds, and the variation of the transport along the Labrador continental slope. To achieve these objectives, an ascending ground track of TOPEX/Poseidon from the Hamilton Bank to Cape Farewell (henceforth referred to as the Hamilton Section, Figure 1 ) was selected for detailed analysis since abundant hydrographic data along the track including observations from Ocean Weather Station Bravo (56.5øN, 51øW) were available. Analysis was also carried out for two other ascending tracks as shown in Figure 1 , which were designated as the Nain Raw altimeter data with an along-track resolution of 5.9 km were edited using quality flags and parameter ranges recommended by JPL [Benada, 1993] . Corrections were made to account for various instrumental, atmospheric, and some oceanographic effects using the values provided in the MGDR. The atmospheric corrections include the ionospheric delay and the wet and dry tropospheric delays. The sea state bias, the inverse barometric response of the sea surface to the atmospheric pressure change, and the ocean, Earth, and pole tides were among the oceanographic corrections. The standard Goddard Space Flight Center precise orbit based on the joint gravity model-2 (JGM-2) were used.
Since the geoid is time-invariant, we separated time-varying height anomalies from mean heights. The mean surface heights were computed only at grid points where more than 40 cycles of the corrected sea surface height data were available, and the sea surface height anomalies were then calculated with the means removed. The data set for the altimetric height anomalies was divided into four seasons: winter (January, February, and March), spring (April, May, and June), summer (July, August, and September), and fall (October, November, and December). The altimetric seasonal height anomalies are independent of the geoid and the associated errors, and the errors in the oceanic tide correction are significantly reduced by the seasonal multiyear averaging (see section 3).
The altimetric sea surface height anomalies on the Hamilton Section are shown in Figure 2 The mean sea surface elevation was calculated relative to the OSU91A geoid model in the MGDR. A Canadian geoid model GSD95 [Veronneau, 1995] was also used in order to examine the sensitivity of the mean transport to geoid models (see section 5).
Density Data
Density was computed from a seasonal data set of temperature and salinity for the northwest Atlantic of Tang and Wang [1996] . This data set was compiled using an iterative difference-correction procedure and a depth dependent domain of averaging. The data source is the Atlantic Fisheries Adjustment Program (AFAP) historical temperature and salinity database archived at the Bedford Institute of Oceanography. The database covers an area from northern Baffin Bay to Cape Hatteras and from the coast to 42øW and includes data from a variety of sources dating back to 1910. The data are divided into the same four seasons as the altimeter data are. Ideally, seasonal density data over the same three and a half years period as that for the altimeter data should be used, but the amount of hydrographic data is far from sufficient for such a calculation. Figure 3 
Velocity and Transport Computation Method
In this section, we show how the altimetric data can be used in conjunction with the density and wind data to compute the depth-averaged normal velocity and transport from the momentum equation. The advantage of the present definition of the barotropic and baroclinic flows is that the effects due to sea surface slope and density can be discussed in a more satisfactory way. Vt involves only density and thus is mainly controlled by thermodynamic processes and advection. Sea surface slope at the boundaries of the Labrador Sea is set up by the large-scale The barotropic flow exhibits a strong seasonal variation over the shelf break and upper continental slope (300-1400 m). The winter and fall anomalies have large negative values, indicating a strong surface current in these seasons. In contrast, the baroclinic flows have maximum magnitudes over the lower slope (1400-2500 m) and are negative in spring and summer (enhancement) and positive in winter and fall (reduction). The largest baroclinic variability over the lower slope offshore of the main density front (though the mean baroclinic current is largest across the density front [Lazier and Wright, 1993] ) is interesting. On one hand, the main density front over the upper slope does not have a strong seasonal variation in the horizontal gradient (Figure 4) . On the other hand, in the upper ocean just offshore the main density front the horizontal gradient is much larger in fall and winter than it is in spring and summer. In the lower water column the isopycnals in the opposite direction are steeper in spring and summer than they are in fall and winter. The net effect is much larger horizontal gradients in fall and winter than in spring and summer over the lower continental slope.
The transport anomalies over the shelf break and upper continental slope have a seasonal range of 5 Sv (Figure 7a The most prominent difference among the three sections is the significant reduction in the seasonal range from 17 Sv at the Nain Section to 6.5 Sv at the Hamilton Section (300-to 2500-m isobath). Considering that the transport variability may not be limited to the 2500-m isobath, we extended the integration of transport seaward to the deepest ocean and found that the transports at the Nain and northern Newfoundland Sections (5 Sv) changed little but that the transport at the Hamilton Section was increased from 6.5 to 10 Sv. The decreasing transport from north to south can be related to the circulation pattern in the southwestern Labrador Sea. Observations and numerical models [Lazier, 1994; Tang et al., 1996] indicate that the Labrador Current branches off the continental slope north of the Hamilton Section (56øN, 52øW) and recirculates in the northwestern Labrador Sea and that a northward countercurrent originating from the North Atlantic Current exists off the Newfoundland slope (52øN, 46øW). These currents act to reduce the longshore transport of the seasonal-mean gyre circulation and the associated seasonal transport variation.
Comparing the barotropic and baroclinic effects, we find that the barotropic effect is dominant at the two northern sections from 300 to 1400 m, suggesting that this effect weak- While the results presented in this study demonstrate the feasibility of the combined use of altimeter, hydrographic, and wind data to determine the currents and transports in the Labrador Sea, the exercise also reveals some limitations associated with data quality, availability, and processing procedure. Figure 2 and Figures 6-9) . Furthermore, the use of climatological density data, instead of data concurrent with the T/P data period, introduces additional errors to the computed seasonal-mean density and therefore to the baroclinic flow component (section 3). The method presented in this paper can also be used to compute the absolute seasonal-mean velocity and transport from altimetric, density, and wind data. A preliminary analysis in this study has indicated that the geoid error is a major factor of uncertainty in the determination of the absolute sea surface slope and surface currents at the scales of interest.
Conclusions
We have developed a method to compute currents and transports using altimeter data, density data, and wind data. The method allows a unique determination of the velocities and transports, for which the sea surface is the level of known motion measured by the altimeter. We have used the method 
